Recent development of methods to fabricate low dimensional molecular structures has enabled tailoring their architecture using building blocks with suitably encoded structural and chemical properties. In this contribution we study structure formation in adsorbed assemblies comprising model tripod molecules equipped with terminal arm segments providing short-range directional interactions. The interaction directions were assigned in a specific anchor like pattern which enabled the creation of diverse intermolecular connections. To explore the on-surface self-assembly of these functional units the coarse grained lattice Monte Carlo simulation method was used in which the molecules were represented as collections of interconnected segments adsorbed on a triangular lattice. Our theoretical investigations focus on the effect of symmetry and size of molecular backbone on the outcome of the 2D self-assembly. The simulations revealed the formation of complex superstructures of two types including porous networks with diverse nanocavities and nanoribbons characterized by a constant width. Occurrence of these different assemblies was found to be strongly dependent on the molecular symmetry and aspect ratio, highlighting the decisive role of the arm length distribution in the tripod building block. The theoretical results of this study can be helpful in designing new low-dimensional superstructures which are stabilized be weak intermolecular interactions as well as by covalent bonds formed in on-surface reactions such as the Ullmann coupling.
Introduction
Custom synthesis of organic molecules with predefined size, shape and functionality provides diverse building blocks which have been used to create low-dimensional superstructures with emergent physico-chemical properties. A versatile method in this area is the on-surface self-assembly of molecular tectons which can be carried out in both ultra vacuum conditions and at the liquid/solid interface [1, 2] . A distinct advantage of this approach is the increased control over molecular connections formed between adsorbed molecules. In this case the reduced dimensionality of the confining environment (adsorbing surface) facilitates correct positioning of the molecules which then can form bonds with assumed directionality and strength. The reduced rotational and translational freedom of the adsorbed molecular units is thus a factor enabling the creation of new superstructures whose synthesis in a bulk phase is normally impossible or hardly limited [3] .
To date numerous examples of adsorbed structures fabricated using functional organic building blocks have been reported, in which linear [4] , bent-rod [5] and star shaped [6] [7] [8] [9] [10] units were adsorbed on such substrates as metallic surfaces (gold, silver, copper) and highly oriented pyrolytic graphite (HOPG). Depending on the chemistry of functional groups attached to these building blocks, the resulting superstructures were sustained by interactions like, for example, hydrogen bonding [4, 6, 7, 9, 11] , metal-ligand coordination [9, 12] or van der Waals interactions [8, 10] . Among these superstructures the nanoporous networks with regular hexagonal, square, triangular and other void spaces have been the subject of intense studies [13] . The great interest in these ordered porous architectures originates mainly from their potential application as versatile platforms for selective reversible/irreversible immobilization of guest species with unique optical, magnetic or catalytic properties. Such complex matrices with active centers distributed in a periodic, spatially controlled manner can serve as functional arrays with programmable response to external stimuli [14] . Moreover the nanovoids of these layered materials can provide confinement for stereoselective chemical reactions whose products can be formed only under special external geometric constraints [15] .
Another type of 2D molecular structures which have been obtained from the surface confined self-assembly of organic functional building blocks are the covalently bonded systems on densely packed metallic substrates [e.g. Ag, Cu or Au (111)]. A very effective approach to these superstructures has been the Ullmann coupling reaction in which appropriately halogenated tectons, usually aromatic hydrocarbons, undergo polymerization via scission of the terminal halogen atoms [3, 16, 17] . It has been demonstrated that a suitable distribution of the halogens in the monomer, either rod-like or star shaped, can result in the formation of such structures as polyphenyl chains [18] , cyclic oligomers [19] , ladders [20] , networks [21] and graphene nanoribbons (GNRs) [22, 23] . The on-surface synthesis of the GNRs has recently gained considerable attention as the ribbons of adjustable constant width can be produced using suitably designed organic precursors. This advantage allows for tuning electronic properties of the GNRs which strongly depend of chirality, width and edge topology of these carbonaceous nanomaterials which have immense potential application in nanoelectronics.
A common task in the controlled creation of adsorbed structures sustained by weak and strong (covalent) intermolecular bonding is the choice of the optimal building block able to form superstructures with predefined morphology. This refers to such molecular properties as size, shape/aspect ratio and intramolecular distribution of interaction centers (functional groups, halogen atoms etc.). It has been often observed experimentally, that even small changes in these parameters can result in the formation of 2D assemblies with entirely different morphologies [24] . For that reason, identification of the molecule-superstructure relation is an important stage in custom designing and fabrication of molecular superstructures on solid substrates. In practice, information of this kind is usually obtained in a series of test experiments in which different molecular candidates are probed. As this screening procedure requires synthesis of numerous molecular tectons and subsequent imaging of the resulting assemblies (usually with scanning probe microscopy), the selection of the optimal building block can be time and resource consuming.
An alternative approach which enables facile optimization of molecular systems on surfaces are the computer simulations [9, 11, [24] [25] [26] [27] [28] [29] [30] [31] . This technique is particularly useful, as it makes it possible to study readily the effect of intrinsic molecular properties on the corresponding superstructures formed under variable conditions (e.g. temperature, density). When a simplified coarse grained representation of the modeled system is used, like for example in the lattice Monte Carlo (MC) simulations [9, 11, [25] [26] [27] , main structural and thermodynamic properties of adsorbed assemblies can be studied in a relatively short time. An additional advantage of the lattice MC calculations is the generality, by which a wide class of chemically different molecules having the same shape (e.g. tripod, cross etc.) and distribution of interaction centers can be modeled using one common unit structure. This strategy was successfully applied to numerous functional molecules including aromatic tricarboxylic acids [25] [26] [27] , tripods equipped with terminal pyridyl groups [10, 12] , derivatized dehydroxybenzoannulenes (DBAs) [32] , ditopic rodlike molecules with end cyano groups [33] and others [20, 34] . In the aforementioned examples very good matches between the simulated results and their experimental counterparts were obtained highlighting validity of the coarsegrained self-assembly model. Moreover, the simulations revealed to be able to predict new complex molecular patterns, such as, for example, the metal-organic Sierpiński triangle fractal [34] , whose existence was later confirmed experimentally [35] .
In our previous studies the MC simulation method was used to decipher the role of directional short-range interactions on the surface-assisted self-assembly of tripod molecules on a solid substrate having (111) symmetry [36] [37] [38] . An interesting effect was observed for the molecules with reduced backbone symmetry and interaction directions forming anchor like pattern. For those molecules the creation of complex porous networks and ribbons was observed, depending on the molecular aspect ratio [39] . In this contribution we present a systematic study on the influence of molecular geometry on the outcome of the 2D self-assembly of these tectons. To that end we examine how changing of the length of molecular arms of the tripod building block affects structure formation in the adsorbed overlayer. The main objective of our theoretical investigations is to identify key factors which would allow for directing the self-assembly towards porous networks and nanoribbons. The results of the MC modeling can be helpful in preliminary screening of molecular libraries to select functional units able to create superstructures having the two distinct morphologies. Moreover, if covalently bonded nanostructures are considered, our model can describe the formation of the corresponding precursor metal-organic structures of the Ullmann coupling reaction.
3 2 The Model and Simulation
The tripod molecules of our model were treated as flat rigid structures comprising a few interconnected segments, each of which was allowed to occupy one site on a triangular lattice, as shown in Fig. 1 . These building blocks consisted of a central segment called core and three attached arms of adjustable length, measuring a, b and c segments, respectively. Only the terminal arm segments of the tripod were active, that is able to interact with neighboring foreign active segments. The active segments were assigned unique interaction directions forming anchor like pattern shown in the figure (red arrows). Specifically, the interaction directions assigned to the arms a and c were rotated by ± 60° with respect to the arms, respectively. In the case of the arm b the interaction direction was collinear with the arm. This assignment can correspond to the distribution of functional groups in the exemplary organic molecule sketched in the right part of Fig. 1 . Here, the assumed anchor pattern can be realized using functional groups in positions meta (a, c) and para (b) of the terminal phenyl ring. The interactions between adsorbed molecules were characterized by a short range segment-segment interaction potential limited to nearest neighbors on a triangular lattice. The interaction was possible only for neighboring active segments whose interaction directions were collinear ( →← ). In this case the interaction energy, was equal to − 1. For the remaining molecular configurations this energy was assumed to be equal to zero. The adsorbate density, ρ was defined as the average number of molecular segments per one lattice site, that is = N(a + b + c + 1)∕L 2 where N is the number of adsorbed molecules. The energies and temperatures in our model are reduced quantities expressed in units of and | |∕k , respectively with k being the Boltzmann constant. The simulations were performed on a rhombic fragment of a triangular lattice of equivalent adsorption sites with side, L equal to 384 and 672 sites. According to the assumed energetic homogeneity of the adsorbing surface, for convenience, the surface-molecule interaction energy was set equal to zero. To minimize edge effects periodic boundary conditions were used in both planar directions. The calculations were carried out using the lattice Monte Carlo simulation method with the conventional Metropolis acceptance scheme. To avoid trapping of the modeled systems in metastable states the parallel tempering (PT) technique was applied, [37, 40] in which four system replicas (having the same ρ) were simulated at four evenly spaced temperatures ranging from 0.12 to 0.18 or from 0.1 to 0.25. To equilibrate the adsorbed assemblies we used 10 8 MC steps each of which was defined as a single attempt to move a randomly selected molecule to a new position. Translation of the molecule was accompanied by random in-plane rotation around its core, by multiple of 60 degrees. In the PT procedure the configurations corresponding to two randomly selected temperatures from a given set were swapped every 5 × L 2 MC steps. To calculate the results presented in the following sections further 10 9 MC steps were performed.
Results and Discussion

Molecules with C 3 -Symmetric Backbone
To assess the effect of backbone shape on the self-assembly of the tecton from Fig. 1 we examined a series of test cases differing by a, b and c. In the simplest situation C 3 -symmetric molecules were used with a = b = c = 1, 2 and 3. These building blocks are further called 111, 222 and 333, according to the abc code adopted here. Figure 2 presents representative snapshots of the adsorbed overlayers in which the formation of ordered extended molecular patterns was observed. At sufficiently low adsorbate density (0.25 for 111 and 0.1 for 222 and 333, top panels) the molecules create complex openwork superstructures in which three types of nanocavities can be distinguished, including large rounded pores and smaller elongated and hexagonal ones. The networks obtained for the three tectons are very similar in terms of spatial organization being isostructural and they contain pores with size that scales with the arm length of the building block, n = a = b = c . For example, the area of the largest pore, A defined as the number of empty lattice sites within the pore, can be expressed as 39n 2 + 18n + 1 . Regarding the periodicity of the simulated structures, it should be pointed out that they are often locally periodic comprising interconnected domains or rows of (large) pores which are rotated with respect to each other but nevertheless create extended continuous networks. In the insets in the top part of Fig. 1 . we presented ordered phases, P n which can be found in the obtained overleyers, along with the corresponding unit cells marked in orange. When the adsorbate density is increased (0.40 for 111, 0.2 for 222 and 0.15 for 333, bottom panels), the new denser chevron-like pattern D n (n = 1 … 3) emerges, regardless of the tecton size and it is characterized by much lower structural complexity compared to P n . In this case, the simulated networks comprise pores of one type, resembling elongated parallelograms whose area, A (number of empty sites) scales with n as 9n 2 − 1 . Note that pores of the above type are also present in the corresponding networks P n in which they play the role of (four) corner elements of the largest pores. In this context the structural transformation P n → D n which occurs due to the increase in the adsorbate density involves elimination of the largest and smallest pores of P n , so that the medium-sized pores with elongated shape are exclusively preserved in the resulting network D n . Such an effect means increase of the homogeneity of the network in terms of pore size/shape distribution. Moreover the D n patterns are globally periodic.
To quantify the effect of the arm length on the structural properties of the simulated networks, in Fig. 3 we plotted the dependence of the area of the largest pore of P n and D n on the parameter n, obtained using the simple functional relations discussed earlier. Moreover, to compare further individual properties of the obtained networks, in the figure we showed also how the network density, d defined as the number of occupied lattice sites per unit cell area of P n and D n , changes with the arm length of the tripod building block. The corresponding functional dependencies for d(n) are given by: 8∕[(9n + 4)
√ 3] and 4∕[(3n + 1) √ 3] , respectively. As it follows from Fig. 3 , the area of the largest pore in P n increases much stronger with increasing arm length, as compared to D n . The main reason for this effect is that the (largest) pores occurring in the network of the first type are surrounded by 12 molecules each while the elongated pores forming D n engage only 6 molecules. In consequence, an Fig. 2 increase in the arm length, for example by one segment, leads to the corresponding increase of the pore perimeter but this effect is more strongly amplified for the pores with 12-membered rims. Accordingly, for these largest nanocavities the associated pore area grows much faster with n compared to the elongated pores with 6-membered rims. For example, the pore area calculated for P 3 is about five times larger than that obtained for D 3 ( n = 3 in Fig. 3 ). On the other hand, changing of the arm length does not lead to such profound differences between the overall network densities, d(n) calculated for the corresponding superstructures. In this case, the largest difference (distance between the corresponding curves) can be observed for the smallest tecton (n = 1) and this quantity decreases slowly with increasing n. As in the P n networks, the largest pores are accompanied by the smallest hexagonal pores with denser molecular packing, the overall density of P n is not dramatically higher than that of D n which does not contain the smallest pores. This effect is especially visible at the higher values of n.
Molecules with Lower Backbone Symmetry
To assess the effect of the reduced backbone symmetry on the structure formation in the modeled systems we next performed the simulations for the tectons abc in which the middle arm (b) was longer than the two remaining ones having the same length (a = c) . The main objective in this case was to test whether the dichotomy observed previously for the self-assembly of the tectons 121 and 212 is a general rule which applies also to analogous pairs of building blocks [39] . To that end the calculations were carried out at constant adsorbate density = 0.15 , for the molecules 131, 232 and additionally, for comparative purposes, for the unit 121. Figure 4 presents the corresponding snapshots obtained for these three building blocks.
The main conclusion from the results shown in Fig. 4 is that all of the considered molecules (121, 131, 232) create extended porous networks and that these networks are isostructural. Moreover, the networks from the figure are also isostructural with the P n s obtained previously for the C 3 -symmetric tectons 111, 222 and 333 (compare with Fig. 2) . Specifically, all of the networks of P n -type discussed so far consist of pores of three types, regardless of the assumed molecular aspect ratio. These are the largest pores formed by 12 molecules, medium-sized elongated pores with 6-membered rims and the smallest pores formed by 3 molecules. The spatial distribution of these pores in the P n networks is identical, that is each largest pore have four neighbors of the same kind and its walls are formed by pairs of smaller pores of the same shape. An easily noticeable effect here is the change in the shape proportions of the contributing pores which is induced by elongation/shortening of the molecular arms. For example, the shape of the smallest pores becomes more triangular as the ratio b∕(a = c) increases. This change produces also the largest pores with more elongated shape, as it can be seen for the tecton 131. The obtained networks, like those corresponding to 111, 222 and 333 are, in general, not fully periodic but contain the P n domains which are characterized by the parallelogram unit cells shown in the insets in Fig. 4 .
Another type of lowered asymmetry that can be introduced to the molecule abc is the elongation of the outer arms, so that a = c > b . In this case, in the simulations we used the tectons 313, 323 and 212, with the last one recalled for comparative purposes [39] . Like for the asymmetric molecules discussed previously, the calculations were performed assuming the same surface coverage, that is = 0.15 . Figure 5 presents snapshots of the resulting self-assembled structures. The most apparent effect which can be observed when changing the asymmetry type of the tripod tecton is the formation of molecular structures which are entirely different than the P n s from Fig. 4 . Elongation of the two outer arms of the tripod produces ribbons comprising isostructural elementary units. These units, called R and S, are mirror images of each other and always comprise eight molecules which create one larger pore with elongated shape (formed by six molecules) and two smaller pores surrounded by three molecules. The area of the largest pores of the ribbons formed by 212, 313 and 323 equals to 24, 48 and 63 lattice sites, respectively. The chiral units in the ribbons can be connected, through the interactions marked by the red arrows in Fig. 5 , to form diverse sequences of the R and S units which we exemplified in the figure. In consequence, the ribbons have usually irregular edges and deviate from being perfectly linear. However, despite the various structural motifs The results obtained with the tectons of type a = c > b and a = c < b confirm that the difference in the arm length is the key structural parameter which dictates the selfassembly. As this conclusion refers to molecules with symmetrical distribution of the interaction directions it is worth examining whether it can be further generalized to include molecules in which the interaction directions are assigned differently to the arms a, b and c. Based on the findings obtained so far, it can be expected that similar effects should be observed for the molecules for which the outer arms a and c do not necessary have the same length.
(pro)Chiral Molecules
A stringent test for the hypothesis put forward in the preceding section is to examine whether tripods with more complex structural properties are able to form the two types of self-assemblies. One class of such molecules are, for example, the units 112, 113 and 223. These molecular building blocks have the backbone shape identical with 121, 131 and 232, respectively, but according to our notation abc it is now the arm c which is longer by one segment than the two remaining arms having the same length (a = b) . This assumption lowers the symmetry of the interaction directions and makes the molecules 112, 113 and 223 prochiral in terms of the possibility of bond-formation (see the insets in Fig. 6) . Namely, such tectons can be adsorbed in one of two mirror-image planar configurations (surface enantiomers) of which the one called arbitrarily R is shown for each building block in Fig. 6 . The same situation refers to the molecules with the opposite relation between the arm lengths, that is 221, 331, and 332, for which the arm c is now shorter by one segment compared to two the two remaining ones (a = b) . The above discussion on the prochiral units can be summarized with a question on which type of the superstructures (networks vs. ribbons) can be obtained when the tripod tecton has one longer/shorter arm and this arm is not the central one, b. Figure 6 , in which we plotted self-assembled structures comprising the corresponding enantiomers R, brings answer to this question.
As it can be seen in the figure, the molecules for which c > a, b create ribbons while those for which the opposite relation c < a, b holds, self-assembly into extended porous networks with complex architectures. Due to the increased asymmetry of the interaction directions and molecular backbone, the structures presented in Fig. 6 are in general more structurally heterogeneous compared to their counterparts obtained previously (compare with Figs. 4, 5) . The ribbons formed by the molecules of the first group (112, 113 and 223) contain elongated pores which are different in size (marked in blue and orange). The structural units, containing these pores, and similar to those shown in Fig. 5 , are often connected in a random sequence so that the elongated pores are distributed non-periodically along the ribbon, as shown in the insets. An interesting effect here is that, the elongated pores of one size are oriented in the same direction, and moreover the smaller (blue) and bigger pores (orange) are rotated with respect to each other by a constant angle. The area of these smaller and bigger pores in the ribbons, expressed in lattice sites, is equal to 9 and 18 for 112, 10 and 38 for 113 and 38 and 58 for 223.
For the networks presented in the bottom part of Fig. 6 , the corresponding structural characteristics are even more complex, as these networks are now built of pores of six types. These are the largest pores of two irregular shapes which can be seen in the insets (see for example 331), medium-sized elongated pores of two types marked in blue and orange and the smallest hexagonal and triangular pores. Because of the diverse ways in which the pores can be connected to build the network, the resulting structures are in general aperiodic but preserve continuity. This effect can be easily noticed when looking at the position of the mediumsized elongated pores (orange and blue) in the magnified fragments shown in Fig. 6 . For comparison with the elongated pores occurring in the ribbons we calculated the area of the analogous pores of the simulated networks. These values are the following: 16 and 32 for 221, 26 and 68 for 331 and 51 and 76 being in general larger than those obtained for the ribbons.
Our final approach to determine the rule governing the dichotomous self-assembly was to perform simulations for the chiral tripods having all arms of different lengths, that is for a ≠ b ≠ c . To that end we used three tectons: 132, 123 and 213 in which the length of the central arm was gradually decreased by one segment (from 3 to 1). Figure 7 presents snapshots simulated for these building blocks. As it can be seen in the figure, the molecule 132 for which the central arm (b) is longer than any of the two remaining arms (a and c) creates a complex porous network. Like for the chiral molecules discussed previously (see Fig. 6 ), the obtained network comprises pores of six types and it is not globally periodic. On the other hand, the self-assembly of the two other molecules for which the central arm is shorter than one (123) and two (213) of the remaining arms produces ribbons. The internal structure of these ribbons is similar to the structure observed for the molecules with a = b . The ribbons from Fig. 7 comprise elongated pores of two sizes (colored in blue in orange) which can occur in random sequences of which examples are shown in the insets. In this case, it can be observed again that the pores of one size are oriented in the same direction. The area of the pores occurring in the ribbons equals to: 17 and 53 for 123 and 27 and 43 for 213. For comparison, analogous pores in the network formed by 132 measure 26 and 45 lattice sites respectively. The result of the simulations performed for the variety of tripod shaped molecules with anchor-like interaction pattern allow us to formulate a general self-assembly principle which applies to all of the modeled systems. It can be summarized as follows: for the molecules having the central arm (b) that is not shorter than any of the remaining arms the outcome of the self-assembly are the porous networks. In the opposite case, that is when the central arm is shorter than at least one of the remaining arms the resulting structures are the nanoribbons. This simple structure-property relation provides hints on how to select molecular building blocks which would be able to create superstructures of the two types discussed in this work. Moreover, the obtained findings demonstrate how the porosity of the networks and ribbons (including pore shape and size) can be controlled by suitable manipulation of the relation a ∶ b ∶ c.
Conclusions
The results of this study show that molecular aspect ratio is an important factor which can strongly affect the selfassembly of functional building blocks on solid substrates. The example of a tripod molecule with the special anchorlike assignment of short range interaction directions demonstrates the possibility of directing the self-assembly towards superstructures with entirely different morphologies, including porous networks and nanoribbons. This possibility can be realized by a suitable elongation/shortening of molecular arms of the tripod building block, for example, via synthesis of organic tripods with arms comprising different numbers of interconnected phenyl rings. Our theoretical calculations show that there is a simple rule which governs the dichotomous self-assembly producing porous networks or ribbons. Specifically, a prerequisite for the molecule to create porous networks is that its central arm (b, see Fig. 1 ) can not be shorter than any of the two remaining arms (a,c). In the opposite case ribbons with diverse porous architectures are formed. The simulations performed for a wide range of molecular structures, including symmetric and asymmetric (prochiral) building blocks confirm this principle and they indicate the large pool of molecular tectons which can be potentially used to create the corresponding superstructures. Moreover, fine tuning of the aspect ratio of the model tripod molecules allows for controlling of size of the pores occurring in the resulting 2D assemblies. For example, this advantage can be used for designing low dimensional molecular structures resembling graphene nanonoribons with predefined porosity. In this case, the tripod tectons studied here can be treated as polyphenyl molecules with halogen atoms attached according to the anchor pattern from Fig. 1 . If these molecules are further used to create metal-organic structures sustained by twofold nodes, like it normally occurs in the Cu-assisted Ullmann coupling, the outcome of the self-assembly can be appropriately directed by tuning the molecular aspect ratio.
